Objectives/Hypothesis: Rodent whisker movement has been used as a tool, after facial nerve manipulation, to quantify functional recovery. We have recently established a method to study functional correlates of aberrant regeneration of the facial nerve. Our objective was to establish normative parameters for both spontaneous and induced whisking and blinking behavior in a large group of normal rats.
INTRODUCTION
After facial nerve injury, patients face two dominant clinical problems. The first is inadequate recovery of function of the facial musculature, with weak or incomplete eye closure, and/or a weak smile on the affected side. The second problem is aberrant regeneration, where axons reach different muscle targets than their original targets during the recovery process, and is extremely common among those facing delayed recovery after facial nerve insult. This phenomenon, termed synkinesis, results in the involuntary movement of one segment of the face during attempts at voluntary movement of another. Extensive investigative effort has been focused on the former issue (weakness), and progress toward improved overall axonal traversing of nerve grafts has been steady. The beneficial role of Schwann cells, graft architecture, and different growth promoting substances in the regenerating milieu has been established, and research approaches that combine favorable biological and physical elements in an ideal neural regeneration conduit seem promising (for review, see Ref. 1) . With emerging technologies that permit timelapse observations of motor nerve axonal extension and branching during regeneration, our understanding of the factors that underlie regeneration has deepened. [2] [3] [4] [5] [6] The latter problem, of axonal misrouting, has been investigated far less thoroughly, with only a few laboratories concentrating on synkinesis after facial nerve injury, and strategies to control it. [7] [8] [9] [10] [11] [12] [13] To date, no medical therapy exists to prevent or diminish the emergence of synkinesis, despite the fact that patients at high risk for its development are easy to identify. Because a clinical window nearly always exists between identifying patients as "likely to develop synkinesis," and the actual onset of symptoms, the development of a pharmacologic, medical, or surgical intervention that could be employed during this window of opportunity would be a welcome addition to otolaryngologists managing facial weakness.
To consider therapy for synkinesis, the ability to quantify its behavioral correlates in an animal model is critical. Recognizing this, investigators have developed methods to measure facial function in rodents after facial nerve injury. 9, 11, 12, 14, 15 To date, methods of assessing periocular and midfacial function in the rat have been suboptimal, involving either only periocular (eyeblink) assessments, 16 -18 only whisking observations, 9,11,19 -21 or providing only qualitative assessments of facial function. We have recently described a breakthrough apparatus that permits simultaneous, quantitative assessment of rodent eyeblink and whisking on both sides of the face, tailored to the identification and quantification of synkinesis. 22 Its novel capabilities have generated significant interest among investigators studying rodent facial function, because it expands on a widely accepted, standardized method of measuring rodent facial function that has been in use for nearly a decade. 19 -21 Herein, we describe both spontaneous facial nerve function, by zone, in adult Wistar-Hanover rats, and induced whisking and eyeblink behavior. These critical normative data provide a benchmark against which the effects of various facial nerve manipulations can be studied, and for the first time, will permit examination of interventions designed to prevent or diminish synkinesis.
MATERIALS AND METHODS

Implantation of Head Fixation Device
Eighty adult female Wistar-Hanover rats, weighing 200 to 250 g, were studied. First, they underwent implantation of a head fixation device, previously described and shown not to change cage behavior or affect overall animal well-being. 23 Briefly, each animal was anesthetized with intramuscular mixture of Ketamine (50 mg/ kg) and Medetomodine (0.5 mg/kg), and the head shaved and sterilely prepped. A midline incision was made, the cranium exposed, and the titanium head fixation device secured to the cranium with titanium screws, with each of its four posts emerging through a separate stab incision in the skin. The incision was closed, and the anesthetic reversed with a subcutaneous injection of Atipamezole (2.5 mg/kg). The wounds were treated daily with oral Cephalexin and topical antibacterial ointment, for the ensuing week.
Behavioral Conditioning
Animals were handled on a daily basis for 1 to 2 weeks before implantation of the devices, and then each day starting 2 days after implantation, up to the day of testing. Handling began with daily 5 minute holding of each animal, and progressed to 10 minutes per day. When they grew accustomed to being tightly held by the handler for 10 minutes, sack training began. This involved placing the animals in a snug cloth sack, where the limbs had minimal ability to move (see Ref. 22 for thorough description). Five days before testing, the animals were head fixed in the testing apparatus, for progressively longer periods, beginning at 30 seconds, and progressing to 10 minutes.
Behavioral Testing
On the day of testing, each animal was placed into the testing apparatus in head-fixed position ( Fig. 1) , with a marker placed on the right and left C1 whiskers. Positioning relative to the laser micrometers (for whisking monitoring) and the infrared emitter-detector devices (for eyeblink monitoring) then proceeded, as previously described. 22 Movement of the tagged C1 whisker on each side of the head was independently tracked using two sets of commercial laser micrometers (MetraLight, San Mateo, CA). For eyeblink observations, the infrared emitter/detectors were maintained in a fixed location such that the eyes were positioned 3.5 to 4 mm from the center of the sensor surface when the C1 whisker origins were appropriately positioned for tracking via the laser micrometers.
Spontaneous and Induced Behavior Recordings
For the recording of spontaneous facial movements, both C1 whiskers and both eyes were continuously monitored over the 5 minute testing run. All whisks greater than 15 degrees were counted and analyzed in an automated fashion, using previously published criteria. 19 -21 Briefly, a vibrissal movement was considered a whisk when the recorded trace was smooth, with a clearly defined protraction phase and retraction phase, and obvious onset, peak, and ending points (see Ref. 21 for details). The difference between the whisking amplitude at the onset and the peak was calculated, and considered positive if it was 15 degrees or more. For analysis of blinks, a blink was considered present when all the following criteria were met: there was at least a 100 mV change from baseline or tough to peak activity, and the rapid component of the ocular movement had a slope of 5 mV/mS. These and additional criteria are shown in the flow chart in Figure 2 .
For inducing facial movements during recording sessions, two different stimuli were introduced. An olfactory stimulus designed to induce vigorous whisking was delivered in 10 second pulses three times at random during the run (see Ref. 22 
for details).
To trigger eyelid movements, three separate 20 millisecond air puffs were delivered to each eye at random to elicit a blink; for each side independently, the ocular behavior occurring within 100 millisecond of the conclusion of the air puff was examined. Following an off-scale period and within the scent and post-scent 500ms, is there a burst where all whisks are ≥30°?
At any time after the ≥2s period, but within the scent and post-scent 500ms, is there a burst where any 3 consecutive whisks average Δ≥ 12o (compared to pre-burst average) and is preceded by an on-scale period?
Within the scent and post-scent 500ms, is there a ≥2s period where all whisks are ≤5°and/or the trace is off-scale ≥60% of the time?
Following an off-scale period and within the scent and post-scent 500ms, is there a burst where all whisks are ≥30°?
Within the scent and post-scent 500ms, is there a burst where any 3 consecutive whisks average Δ≥ 12o (compared to pre-burst average) and is preceded by an on-scale period?
Within the pre-scent 500ms, is there vigorous whisking (a burst where all whisks are ≥15°)?
Yes No
Is there small amplitude, short wavelength oscillating waveform within flat baseline of either eye trace occurring at the scent onset?
Blank Yes No Yes No
During the pre-scent 500ms, is the trace off-scale ≥60% of the time? The criteria for blink analysis were the same as that employed for spontaneous blink assessment. Blinks were considered spontaneous when they did not occur during scent delivery, or within 0.5 seconds after the removal of the scent, and did not occur within 100 millisecond of the ocular air puff.
Data Analysis
Average whisking amplitude, velocity, and acceleration were calculated using Whisking software developed by Bermejo et al. 19 -21 Right and left C1 whisking data were compared using two-tailed Student t test for comparisons, with P Ͻ .05 achieving significance.
For induced facial movement analysis, each testing session was analyzed as follows: for the three 10-second scent delivery periods, both the right and left whisker tracings were assessed for changes in whisking pattern. Figure 2 contains the flow chart demonstrating the algorithm used to determine whether changes in whisking behavior were scent-induced. If the animal was coincidentally performing vigorous whisking when the scent was introduced, then no score was given for "scent-induced whisking," though if a change in whisking pattern met the listed criteria, a score of "1" was recorded, and if criteria were not met, a score of "0" was assigned. Occasionally, the whisker position became retracted enough that it fell behind the laser light curtain, causing the whisker trace to fall off-scale. Criteria for whether the session was interpretable, based on the length of time the whisking trace fell within the measurable zone, are contained in the algorithm shown in Figure 2 . During the scent delivery periods, "scent-induced blinking" was also recorded as a yes/no phenomenon, according to the criteria described above for blinking. All blinks occurring during the scent delivery and ensuing 0.5 seconds were counted as scent-induced phenomena.
Ocular air puff-induced blinking and whisking was analyzed as follows: right and left puff-induced ipsilateral and contralateral blinks were recorded as yes/no phenomena, according to the blinking criteria outlined above. Right and left puffinduced ipsilateral and contralateral whisks were also examined in binary fashion, where the criteria used for this binary yes/no analysis involved any distinct change in whisking function, of greater than 12 degrees, with onset within 100 millisecond of administration of the ocular air puff, among other criteria (Fig. 2) .
RESULTS
All animals tolerated head-fixation device implantation without complications, and each animal was successfully conditioned to the testing apparatus. A full 300 second recording was obtained from all animals.
Spontaneous Behavior
Spontaneous whisking behavior was analyzed using the whisking analysis software program of Bermejo and Ziegler. 19 -21 Average whisking amplitude was 35 degrees (SD ϭ 7.5), consistent with values reported by other investigators. 24 -26 Whisking amplitude, velocity, and acceleration are presented in Table I .
Spontaneous (nonair puff induced) blinking occurred with differing frequencies across animals, with a range of 0 to 30 blinks per 300 second testing run. Thirty-five percent of spontaneous blinks occurred bilaterally. Table II shows all induced behavior results. Air puff delivery elicited an ipsilateral blink 99% of the time (SD ϭ 3.0), and a contralateral blink 18% of the time (SD ϭ 25). Air puff delivery to the eye produced a bilateral whisking burst 70% of the time (SD ϭ 32), indicating that complete ocular closure can occur independently of whisking, most often air puff delivery elicits whisking and eye closure. Olfactory stimulus delivery prompted a distinct change in whisking behavior 83% of the time (SD ϭ 25), and Figure 2 , per interpretable incidence of the stimulus.
Induced Behavior
prompted at least one eye closure 20% of the time (SD ϭ 24) (Fig. 3) .
DISCUSSION
During regeneration of multiply branched motor nerves, a prevalent clinical problem stems from aberrant regeneration, where fibers intended for a particular motor target innervate either an incorrect target, or coinnervate antagonistic muscle fibers. When this occurs during facial nerve regeneration, the resulting synkinesis significantly diminishes patients' abilities to express themselves nonverbally. It also results in poor oral competence, yields speech and articulation difficulties, and is generally disfiguring. The most common complaints of patients suffering from aberrant regeneration of the facial nerve are oral-ocular synkinesis (involuntary eye closure with mouth movements) and oculo-oral synkinesis (involuntary midfacial motion with attempts at eye closure). Despite the fact that 70% of patient visits to our Facial Nerve Center are for a chief complaint of synkinesis (unpublished data), there are no widely employed animal models of facial synkinesis to study and attempt to reduce this phenomenon. The current study addresses a pressing need to develop a reliable, reproducible model to examine aberrant facial nerve regeneration, so that methods to improve target accuracy can proceed.
Many investigators have studied the somatotopic organization of the facial nucleus, and ways in which it is disrupted after crush or transection of the facial nerve. 11,26 -28 Retrograde tracer studies have quantified the relative number of misguided axons 14, 29, 30 and the degree of hyperinnervation after facial nerve injury. 3, 31 The development of strains of transgenic mice whose motor axons express fluorescent proteins has allowed direct, in vivo observations of axonal extension and misrouting in a cranial nerve model. 32 Studies looking at functional endpoints of aberrant regeneration have relied on a 3 to 4 point grading scale to rate vibrissal movement symmetry after mouse facial nerve injury. 15, 33, 34 ™o date, only a single study has described the different zones of facial function independently. 35 Tomov et al. 14 developed a promising quantitative functional recovery scale based on precise videographic recordings of vibrissal movement in the rat, though the testing method has not yet been widely validated by independent research groups.
CONCLUSION
Herein, we have employed our recently described method of simultaneously examining multiple zones of the rodent face, 22 to describe baseline facial behavior in the normal rodent. Although investigators have described ordinary whisking behavior in rodents, the introduction of olfactory stimuli to trigger vigorous whisking, the addition of infrared sensors for tracking eyelid function, and the delivery of ocular air puffs represents substantial increase in technical sophistication. This system permits the first real-time assessment of cocontracture of independent facial zones. Our solid understanding of the frequency of independent and concomitant vibrissal and ocular movements in the rodent will permit measurements of the likely loss of independence after aberrant regeneration, and will pave the way for the development of interventions designed to reduce it. In the long term, we hope to use this model for the testing of potential pharmacologic, surgical, and other interventions toward the diminishment of facial synkinesis after infectious or traumatic facial nerve insult.
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